INTRODUCTION
Genetic and molecular analyses of developmental and physiological processes in numerous experimental systems have recently revealed unsuspected levels of complexity within genetic regulatory pathways. Perhaps most surprising is the result that loss-of-function mutations engineered within many regulatory genes have little or no effect on phenotype. Although the lack of phenotype suggests that these genes are not essentia1 to the processes under consideration, new evidence indicates that these mutations are partly or completely compensated for by the activity of other genes. Genes whose products are capable of compensating for the loss of other gene activities are said to display redundant (or partially redundant) genetic function. Recent evolutionary studies suggest that redundancy may be both an inevitable result of genome evolution and an aspect of the informationalcomplexity found within phylogenetic lineages in which ancient tetraploidization events occurred. The fact that genetic redundancy has been encountered in many different pathways suggests that the modification of experimental designs to account for redundancy should result in the more complete genetic characterization of cellular and developmental processes.
Redundant gene activity appears to occupy a continuum from the complete redundancy seen between duplicated housekeeping genes to the partial overlap of function seen in a number of regulatory genes that influence developmental processes. This continuum could be extended to include initially redundant genes (arising by gene duplication, for instance) that have evolved completely independent functions through the acquisition of new functions. In some cases, two genes have a redundant function in a subset of developmental or cellular processes but have independent functions in other processes. This observation suggests a link between pleiotropy (a requirement for a gene's activity at more than one developmental stage or in more than one cellular process) and redundancy. Recent experiments in plants and animals also indicate that many genes function in complex "information networks," with cross-talk between regulators and/or feedback loops. Such interactions provide a sophisticated type of redundancy that is capable of maintaining pathway activity and 'Authors to whom correspondence should be addressed informational homeostasis, even when a member of the network is lost through gene mutation.
This review presents the characteristics of redundant regulation through the use of several well-characterized examples from animals and plants. We present models of evolutionary selection that provide new explanations of the perdurance of genetic redundancies in populations and put forth experimental approaches that anticipate the common occurrence of genetic redundancy within gene pathways. The application of these experimental approaches should result in the identification of new genes whose functions might not be revealed in more conventional genetic and reverse genetic experiments.
REDUNDANCY AND PLEIOTROPY IN GENE FAMlLlES
Gene duplication during evolution, whether through the tandem duplication of specific chromosomal regions or through genome tetraploidization, can lead to functional redundancy. Interestingly, partial redundancy is often seen between members of a gene family, indicating that new, mutually exclusive roles can be selected for duplicated genes while a shared set of functions is preserved. In the nematode Caenorhabditis elegans, two genes that encode proteins similar to the Drosophila Notch transmembrane receptor have extensive functional redundancy as well as independent tissue-specific functions. These two genes, glp-7 and lin-72, are located less than 0.1 cM (10 kb) from each other on chromosome 3, are *u5O0/o homologous at the amino acid sequence level, and are thought to have resulted from tandem gene duplication because of the high conservation of nucleotide identity and the precise conservation of several intron splice sites (Yochem and Greenwald, 1989) . glp-7 and lin-72 are pleiotropic developmental regulators named for their independent effects on germ jine proliferation (glp-7) and vulval Meage defects &-72) (Greenwald et al., 1983; Austin and Kimble, 1987; Priess et al., 1987) .
During normal development, both genes act to control the differentiation of cells within equivalence groups, resulting in the adoption of distinct developmental fates by daughter cells. The glp-7 gene product causes one of the blastomeres in a Information specified by lag-2 expression is used for three different purposes following reception by lin-72 and glp-7.
fourcell embryo to adopt a secondary fate (Hutter and Schnabel, 1994; Mangoet al., 1994; Melloet al., 1994) . Furthermore, glp-7 influences the developmental fates of cells in embryos at the 12-to 28-cell stage and promotes the proliferation of germ cells within the gonad during postembryonic development. The lin-72 gene product also promotes the adoption of different fates, in this case between members of an initially equivalent cell group responsible for formation of the vulva (Greenwald et al., 1983) .
Both glp-7 and lin-72 single mutant animals display occasional embryonic lethality but generally survive to adulthood. However, glp-7 lin-72 double mutants display a unique phenotype: the anterior and posterior regions of the larvae fail to develop properly, and the animals die as young larvae (Lambie and Kimble, 1991) . In addition, a gain-of-function mutation in glp-7 partially mimics the phenotype of gain-of-function lin-72 mutants (Mango et al., 1991) . Taken together, these results are consistent with the hypothesis that glp-7 and lin-72 act redundantly in regulating aspects of C. elegans development.
If glp-7 and lin-72 have redundant functions late in embryogenesis and during larval development, then one might expect that mutant screens could identify other genes that have nonredundant functions in the same developmental processes. Screens for mutants that mimic the glp-7 lin-72 double mutant phenotype have led to the isolation of severa1 lag (!i n and glplike) genes (Lambie and Kimble, 1991) . Molecular characterization of the lag-2 gene revealed a high leve1 of sequence similarity with the DeltalSerrate class of putative ligands for the Drosophila Notch receptor (Henderson et al., 1994; Tax et al., 1994) . This result suggests the simple model shown in Figure  1 , in which LAG-2 protein is a ligand shared by the partially redundant receptors encoded by glp-7 and lin-72. According to this model, a single signal is processed through two different receptors that have some independent functions and some redundant functions during embryogenesis and larval development. Because glp-7 protein can substitute for much of the biochemical activity of lin-72 when the GLP-1 protein coding region is placed under the control of lin-72 regulatory sequences (Fitzgerald et al., 1993) , it is likely that coexpression of both genes in some tissues results in their redundant function, whereas their functional independence results from the nonoverlapping portions of their expression patterns.
The role of pleiotropy in the development of redundant systems is also highlighted by the analysis of glp-7 and lin-72. Because the glp-7 and lin-72 gene products retain similar biochemical activities, it is possible that changes in transcriptional and/or post-transcriptional regulatory sequences may have allowed one of the two genes to acquire new functions in development, whereas the other gene represents the entire range of functions of the ancestral gene. Alternatively, through the divergence of transcriptional and/or post-transcriptional regulatory sequences, selection may have acted to "parcel out" the pleiotropy of the ancestral gene. If this is the case, then the pleiotropy of the ancestral gene could be the primary source from which both the redundant and independent functions of glp-7 and lin-72 are derived.
CONVERGENCE
Gene duplication provides an obvious explanation for functional redundancy between homologous regulators, but redundancy between nonhomologous genes requires a more complex interpretation. In such cases, it is likely that two or more gene products of independent origin converged in function during evolution. Selection for convergence of function may have operated in the evolution of the parallel and redundant regulation of dauer formation in C. elegans. Normal development in C. elegans is characterized by four successive larval stages that precede the formation of the mature adult. However, high population densities result in an alternative developmental pathway-dauer formation-in which development is arrested, feeding stops, and behaviors develop that aid in the dispersa1 of the population (Casada and Russell, 1975) . When growth conditions become more favorable, larvae exit from the dauer stage and resume normal development.
The genetic regulation of dauer formation has been studied extensively, and many loss-of-function mutations have been identified that cause dauer formation-constitutive (Daf-c) and dauer formation-defective (Daf-d) phenotypes. Entry into dauer is promoted by a constitutively secreted pheromone that is detected by a discrete set of neurons (Bargmann and Horvitz, 1991) . In wild-type C. elegans, dauer pheromone negatively regulates the Daf-c genes. Daf-c genes, in turn, are negative regulators of the Daf-d genes, which are positive regulators of a linear pathway, beginning with daf-72, that promotes dauer formation. Crowded growth conditions cause high levels of dauer pheromone and the subsequent activation of the daf-72 dauer formation pathway.
Epistatic interactions between Daf-c and Daf-d mutations have been tested through double mutant analysis, and a linear genetic regulatory pathway has been proposed (Riddle et al., 1981) . However, new experiments and the reinterpretation of older data Gottlieb and Ruvkun, 1994; Malone and Thomas, 1994) Evidence of redundancy is seen most clearly between loss-of-function alleles that confer a Daf-c phenotype. Recent analysis of a set of Daf-c mutations demonstrated that all alleles examined are temperature sensitive with respect to the penetrance of the dauer phenotype within a population. In all cases, the frequency of dauer formation is increased dramatically in homozygous mutant populations grown at the restrictive temperature (25OC) relative to those grown at the permissive temperature (15OC). In the case of daf-7 mutants, dauers constitute just lVo of the population grown at 15OC but 99% of the population grown at 25OC. The temperature-sensitive phenotype is seen in alleles that behave genetically as complete loss-of-function mutations, suggesting that the temperaturesensitive phenotype displayed by these mutations is not due to the structural instability of expressed proteins.
Animals doubly homozygous for the Daf-c mutations daf-77 and daf-27, or for any combination of the Daf-c mutations daf-1, daf-4, daf-i: daf-8, or daf-74 , display temperature-sensitive dauer formation and retain pheromone sensitivity at permissive temperature. However, double mutants carrying mutant alleles of either daf-77 or daf-27 and one of daf-7, daf-4, daf-7, daf-8, or daf-74 produce 100% dauer larvae at the normally permissive temperature. The strong synergistic phenotype seen in these double mutants suggests that the Daf-c genes can be placed into two groups with partially redundant activity. Based on this analysis, daf-77 and daf-27 have been designated as group 1 genes, and daf -7, daf-4, daf-i: daf-8 , and daf-74 have been designated as group 2 genes (Thomas et al., 1993; see Figure 2) . Thus, the variable penetrance of dauer formation seen in populations homozygous for single group 1 or group 2 mutations is likely due to the redundant activity of the unaffected group. pheromone production depends on a single gene, daf-22. Pheromone is the most upstream negative regulator of both the group 1 and group 2 Daf-c genes (see Figure 2) . Thus, the redundancy (and signal splitting) seen in the genetic cascade of dauer regulation must arise at some point after daf-22 function but before Daf-c gene action. Similarly, a single downstream gene, daf-72, seems to be a point at which redundant information is coalesced into a single pathway leading to dauer formation. Evidence for this comes from the observation that mutations in daf-72 are epistatic to mutations in both group 1 and group 2 Daf-c genes. Furthermore, whereas the Daf-c mutations (which act early in the pathway) have pleiotropic effects on development or behavior, mutations in daf-12 have a more specific effect on dauer formation. Thus, both the pleiotropy and redundancy of the Daf-c and Daf-d genes are resolved ator before the function of the daf-72 gene in the dauer pathway.
NETWORK INTERACTIONS AND REDUNDANT FUNCTION
Networks of regulatory interactions among genes affecting specific developmental processes may provide another source of regulatory redundancy. An example is seen in the functionally redundant myogenic transcription factors of mouse, MyoD and Myf-5 (Braun et al., 1989; Weintraub et al., 1991) . Both are helix-loop-helix (HLH) transcriptional regulators that, when under the control of constitutive promoters in transfected cultured cells, can induce these cells to differentiate as skeletal muscle cells, in part by activating the downstream myogenic HLH transcription factor myogenin (Edmondson and Olson, 1989) .
Despite the ability of MyoO and Myf-5 to induce skeletal muscle differentiation, complete loss-of-function mutations in MyoD or Myf-5 created by gene disruption do not cause obvious defects in skeletal muscle ; Rudnicki et al., 1992) . MyoO Arrows represent positive regulation; negative regulation is indicated by a line ending in a bar. Adapted from Weintraub (1993) . birth due to rib abnormalities. However; MyoD Myf-5 double mutant embryos produce no skeletal myofibers, indicating that each of these genes is at least partially redundant for the function of the other (Rudnicki et al., 1993) .
As diagrammed in Figure 3 , the control of MyoD and Myf-5 expression highlights the fact that functionally redundant genes can display extensive cross-regulation (see Weintraub, 1993) . MyoD mutations cause a threefold increase in Myf-5 transcription, indicating that a loss of MyoD expression results in derepression of Myf-5 expression . In contrast, Myf-5 overexpression causes an increase in MyoD transcription, suggesting that Myf-5 activates MyoD. In addition, the downstream regulator myogenin regulates MyoD in a positive feedback fashion. These results suggest that a network of interactions among MyoD, Myf-5, and myogenin is responsible for the genetic redundancy displayed by MyoD and Myf-5. However, it is unclear whether the regulatory interactions seen between these myogenic regulators are the direct result of their regulating transcription from each other's promoters or are the result of a less direct form of interaction.
Both MyoD and Myf-5 are thought to have arisen from a gene duplication event producing two similar genes. The dependente of this myogenic network on positive auto-and trans-regulation, along with negative trans-regulation, suggests that divergence in cis-acting elements was involved in the evolution of these interactions. Extensive promoter and enhancer studies may permit the elucidation of the ancestral cis-acting regulatory region from which this network arose. It is particularly interesting that the simple divergence of cis-acting regulatory elements from an ancestral gene with positive and negative autoregulation could give rise to the network we now observe. Hence, the evolutionary "parceling out" of ancestral gene functions, whether through distribution of the discrete functional roles of a pleiotropic ancestor or the distribution of the discrete components of a cis-acting regulatory region, may provide raw material for the evolution of redundant or partially redundant systems. It will be particularly instructive to see whether the biochemical activities of myogenic genes are interchangeable. If their biochemical activities are the same, the importance of the evolutionary divergence of their cis-acting regulatory elements will be demonstrated.
Redundancy among Members of a Gene Family
As described in the preceding examples, genetic redundancy is often indicated when double mutant organisms display a nove1 or synergistic phenotype in comparison with the phenotype seen in single mutant homozygotes . Synergistic interactions between mutations in plants are clearly seen in the redundant regulation of floral identity by the APE TALA7 ( A R ) and CAULlFLOWER (CAL) genes of Arabidopsis (Bowman et al., 1993) . ap7 mutants produce flowers that retain partia1 inflorescence meristem identity, as revealed by the production of lateral flowers within the axils of sepals, whereas cal mutants do not display an obvious phenotype. However, as shown in Figure 4 , ap7 cal double mutants produce presumptive floral meristems that are completely converted into inflorescence meristems (Bowman et al., 1993) . This synergistic effect on the phenotype of double mutant plants suggests that AP7 and CAL act redundantly to specify the development of floral meristems. Interestingly, CAL activity appears to be completely redundant with the activity of AP7, but the fact that AP7 single mutants display obvious phenotypes indicates that AP7 has some activities that are not redundant with CAL. Molecular analysis of AP7 has shown that it encodes a member of the MADS box family of transcription factors (Mande1 et al., 1992), and recently CAL has also been found to be a MADS box-containing gene (Kempin et al., 1995) .
Thus, the redundancy of AP7 and CAL is likely to be based on the fact that both are members of the same gene family.
The phytochrome photoreceptor family of Arabidopsis also appears to display redundancy due to gene duplication. The phytochrome photoreceptors require the attachment of a tetrapyrrole chromophore for activity and exist in two photointerconvertible forms, a Fr form, which absorbs red light, and a far-red-light-absorbing Pfr form. Phytochromes regulate a variety of physiological responses, including inhibition of hypocotyl elongation, promotion of germination, and initiation of greening and vegetative development (Cosgrove, 1986; Chory, 1991) . In Arabidopsis, five members of the phytochrome gene family have been identified: PHYA, PHYB, PHYC, PHYD, and PHYE (Parks and Quail, 1993) . Molecular analysis has shown that PHYA, PHYB, and PHYC share w50°/o sequence identity at the amino acid leve1 (Sharrock and Quail, 1989) . Loss-of-function mutations in the PHYA gene (formerly known as HY8) and the PHYB gene (formerly known as HY3) have permitted the analysis of their individual contributions to plant development (Parks and Quail, 1993; Reed et al., 1993) .
The PHYA and PHYB genes have both independent and redundant functions, with phyA mutants having an essentially wild-type phenotype in continuous white light (Whitelam et al., 1993 ) but a markedly long hypocotyl in continuous far-red light (Nagatani et al., 1993; Parks and Quail, 1993; Whitelam et al., 1993) . inhibition of hypocotyl growth, promote early flowering, reduce greening, and cause a decrease in red light stimulation of seed germination . In contrast with phyA mutants, phyB mutants have long hypocotyls in continuous white light and show an inhibition of hypocotyl elongation when exposed to supplemental far-red light (Nagatani et al., 1991) . These results suggest that PHYA and PHYB have independent roles in the detection of specific light spectra. However, their redundant activities were revealed when two presumed null mutations, phyA-201 and phyB-8-36 , were compared with the double mutant (Reed et al., 1994) . Double mutant plants germinated under white, red, or far-red light consistently show longer hypocotyls than do single mutants, suggesting that these two phytochromes partially compensate for each other's activity during hypocotyl elongation. In red light, the double mutant displays enhanced defects in greening and produces a more pronounced apical hook and smaller cotyledons than either single mutant. The phyA phyB double mutant also displays severely impaired induction of chlorophyll a,b binding protein (CAB) transcription by red light in comparison with CAB accumulation in the single mutants. These studies indicate that, in a manner similar to that seen with glp-1 and lin-12, gene duplication events have given rise to a family of phytochrome genes displaying genetic redundancy. Analyses of PHYA and PHYB promoter function show that both genes are expressed in most tissues (Somers and Quail, 1995) , indicating that coexpression could be the source of redundancy between these two phytochromes. Interestingly, 12 hr after a red light flash, CAB transcript is obvious in the double mutant, suggesting either that one of the remaining phytochromes (PHYC, PHYD, or PHYE) is partially redundant with both PHYA and PHYB, or that the phyA or phyB mutation represents only a partial loss of gene function. Therefore, discovery of the true extent of functional redundancy within the phytochrome gene family likely requires the analysis of mutations within the PHYC, PHYD, and PHYE genes and the construction of strains carrying multiple mutant combinations.
Redundancy among Nonhomologous Genes
In addition to the redundancy seen between the homologous regulators apl and cal, the specification of floral fate also shows evidence of redundancy between nonhomologous regulators. The production of flowers in Arabidopsis appears to require the action of at least two parallel pathways (Bowman et al., 1993; Shannon and Meeks-Wagner, 1993) . One pathway includes AP1, whereas the other functions through the activity of the LEAFY (LFY) gene. Recessive loss-of-function mutations in LFY cause more complete conversions of flowers into lateral branches than do mutations in API (Irish and Sussex, 1990; Schultz and Haughn, 1991; Huala and Sussex, 1992; Weigel et al., 1992) . This conversion includes the presence of a bract subtending presumptive flowers, the loss of determinate meristem development, and the production of organs in a spiral rather than a whorled phyllotactic pattern. However, late in development, Ify mutants produce lateral shoots with floral characteristics (Huala and Sussex, 1992; Weigel et al., 1992; Shannon and Meeks-Wagner, 1993) . This suggests that in older plants, other floral regulators are capable of directing the development of lateral flowers in the absence of Ify.
The analysis of epistatic interactions between Ify and apl mutations suggests that these genes are members of partially redundant regulatory pathways As shown in Figure 5 , unlike Ify single mutants, Ify apl double mutants never produce lateral shoots with flower characteristics (Weigel et al., 1992; Shannon and Meeks-Wagner, 1993 ). At the amino acid level, the LFY product has no obvious homology with the product of API (Weigel et al., 1992) or other MADS box-containing genes. Because LFY and API represent distinct classes of genes, it is likely that they have converged on a similar function in their regulation of floral fates. The regulation of floral meristem production in Arabidopsis shows that redundancies among both homologous and nonhomologous genes can affect the same developmental process.
Redundancy in Genetic Networks
Examples of redundancy due to genetic networks with autoand cross-regulatory connections have not been clearly demonstrated in plants. However, the observation that the reduction in expression of p-1,3-glucanases caused by antisense RNA expression results in the compensatory misexpression of another glucanase (Beffa et al., 1993 ) may indicate feedback regulation that causes functional redundancy. (3-1,3-Glucanases have been implicated in diverse aspects of physiology and development, and their induction during viral, bacterial, and fungal pathogenesis has been studied extensively (Boiler, 1987) . p-1,3-Glucans are found in the cell walls of fungi, suggesting that glucanases may play a role in defending the plant from fungal pathogens. Following infection with fungal pathogens or with tobacco mosaic virus, P-1,3-glucanase transcription is induced.
To study the role of glucanase in plant development and pathogenesis, antisense RNA experiments were performed in tobacco (Beffa et al., 1993) . Transgenic plants carrying antisense RNA constructs accumulated 20-fold less (5-1,3-glucanase enzyme than did wild-type controls. However, no differences were observed in growth and development or in susceptibility to fungal pathogenesis. Furthermore, significant levels of ersatz glucanase activity were detected in substrate conversion assays. Glucanase activity recovered from the antisense plants showed little reactivity with an anti-p-1,3-glucanase antibody and did not correspond to other previously identified glucanases. The novel glucanase activity is not detected in wild-type plants following viral infection, indicating that this activity is induced only in plants that do not display a normal glucanase response to pathogenesis.
These results suggest that the plant monitors the levels of glucanase activity and, through unknown feedback or crossregulation mechanisms, induces a glucanase activity that is not usually expressed during a pathogenesis response. Thus, glucanase activity may be regulated via an informational network that can provide compensatory glucanase expression when the primary response is disrupted. The eventual molecular characterization of the novel glucanase and the regulators of the pathogenesis response should permit the elucidation of the regulatory network underlying this functional redundancy.
POSlTlVE AND NEGATIVE SELECTIONS FOR REDUNDANCY
Common to models of evolutionary selection permitting the maintenance of genetic redundancy (Tautz, 1992; Weintraub, 1993) is the assumption that redundancies tend to disappear as a result of the accumulation of deleterious mutations in one gene copy because the genetic function of only one gene is under positive selection. Thus, most redundancies would resolve with the silencing of one member of a gene pair. Only a redundant gene pair whose members act pleiotropically and have some functional independence arising coincident with the onset of redundancy would experience selection maintaining the activity of both genes. Positive selection would act to maintain the nonredundant, independent functions of both genes; as a direct result, their redundant functions would perdure. A simple logical extension of this model suggests that major gene duplication events, such as genome tetraploidization, would be resolved with the rapid loss of activity from one member of most newly created redundant gene pairs. This leads to the prediction that genetic redundancy, even in organismal lineages that have undergone numerous changes in ploidy and increases in genome complexity during genome evolution, occurs only in fairly raie instances and that the majority of genes in most organisms should act as necessary and sufficient components of genetic pathways.
Positive selection, however, is unlikely to be the only type of selection maintaining genetic redundancies. Arguments presented by Ohno et al. (1968) , Ohno (1970) , Ferris and Whitt (1979) , and Hughes and Hughes (1993) suggest that negative (or "purifying") selection also favors the preservation of duplicated active genes within populations. Because there is no a priori expectation that the members of a gene pair will have dramatically different rates of mutation, both members of duplicated or redundant gene pairs can and will undergo sequence variation. Negative selection typically acts to prevent the accumulation of mutant alleles within a population by selecting against individuals heterozygous or homozygous for mutations. Thus, it is likely that the combination of negative/purifying selection slowing gene divergence and positive selection for the independent activities of partially redundant genes allows functional redundancies to persist for long periods within populations.
If these assumptions accurately represent real conditions of selection, then several simple predictions can be made. First, because of the likelihood of generating molecular "poisons" with dominant inheritance, genes whose products have quite specific structural requirements for interactions with other proteins or macromolecules would be l e s tolerant of changes in protein sequence and biochemical activity than are genes functioning without these constraints. This suggests that duplicated genes whose products function alone can diverge in both expression pattern and biochemical activity more rapidly than genes whose products require physical contact with other proteins for function. Second, because negative selection would be expected to maintain biochemical function, it is likely that an early step in functional divergence would result from changes in cis-acting regulatory elements. As redundant genes acquired more functional independence by being expressed uniquely in different spatial and temporal patterns, changes in biochemical function would most likely follow. Therefore, gene pairs that have only recently gained complete functional independence would show more divergence in their cis regulatory elements than in their biochemical function.
Analysis of gene divergence in organisms such as Xenopus laevis, which have undergone relatively recent tetraploidization events, supports some of these predictions. In Xenopus, sequence comparisons of duplicated genes, including homeodomain-containing transcription factors, hormone receptors, extracellular matrix components, cell adhesion molecules, and oncogenic transcription factors, have shown that in many cases, both copies of duplicated genes are maintained in an active state within populations (Hughes and Hughes, 1993) . Furthermore, the divergence in amino acid sequence between two genes within a duplicated gene pair in Xenopus is no greater than that seen between two homologous unique genes in human and rodents, suggesting that the products of duplicated genes in Xenopus are under purifying selection that maintains biochemical activity. Although the biochemical functions of many gene duplicates appear to be diverqing very slowly, in several cases expression patterns have diverged as predicted if these genes were under active negative selection. All of the duplicated genes that appear to be perfectly redundant, showing high conservation of amino acid identity and gene expression, are genes whose products interact at some leve1 with other proteins. The extremely low rate of divergence between gene pairs in Xenopus supports the hypothesis that significant negative selection on heterozygotes is slowing divergente from redundancy in this organism.
Because the tetraploidization event in Xenopus occurred at least 30 million years ago, these results provide tantalizing hints that redundancies can be maintained for long periods within populations. Hughes and Hughes (1993) extrapolate from their analysis of 24 genes that 78% of the genes in Xenopus are duplicates with two active copies. This is in accord with studies of active duplicated genes in tetraploid catostomid fishes, whose tetraploidization event occurred -50 million years ago (Ferris and Whitt, 1977) . Given that many plant species have experienced relatively recent tetraploidization events, the results of the frog and fish studies suggest that plants also display a high degree of genetic redundancy due to genome duplication.
These studies also suggest that for any point in a genetic pathway, the necessity and sufficiency of genes functioning at that point are dependent on the genome evolution undergone by a species and the amount of genetic redundancy that is maintained within the genome. Furthermore, the informational complexity of genetic pathways will be greater in organisms that are derived from lineages with extensive increases in genome complexity due to tetraploidization. It is interesting to speculate that genetic redundancy caused by tetraploidization events, by linear gene duplication, or by convergence provided the necessary increase in informational raw material required to permit the selection of the morphological and physiological complexity shown by the higher eukaryotes. As entire genetic pathways are characterized in a variety of organisms and as phylogenetic comparisons of pathway structure and function become possible, the true roles of tetraploidization, pleiotropy, and gene redundancy in the evolution of pathway function should be revealed.
"complete loss-of-function" phenotype can be identified (see, for example, Condie and Capecchi, 1994) . Redundancy may compiicate scientific inquiry in many instances, yet the combination of genetics and molecular biology provides the tools necessary for elucidating redundant regulation. In fact, to appreciate the true richness of information in regulatory pathways, we must appreciate that redundancy is a common occurrence and that it operates under active evolutionary selection; only then will plant biologists be in a position to capitalize on the tremendous opportunities for research inquiry presented by this phenomenon.
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THE PROMISE OF REDUNDANCY
The few examples discussed in this article provide evidence that genetic redundancy acts in a variety of regulatory pathways in plants. Two of the most extensively characterized genetic processes in plants, light perception and flowering in Arabidopsis, display a high degree of genetic redundancy. Therefore, understanding how such redundancy has been analyzed in model animal systems should provide a solid foundation for the analysis of regulatory pathways in plants.
Because many of the identified cases of redundancy demonstrate that the ability of one gene to compensate for the complete loss of another gene is extremely sensitive to environmentally induced physiological stress (see , screening for mutants under stressful conditions may reveal new members of functionally redundant pathways. Because temperature has dramatic and immediate effects on the energetics of macromolecular interactions, it seems likely that temperature-sensitive conditional mutations may reveal many instances of redundant regulation. Thus, screens for conditional mutations in informationally complex developmental pathways should result in the identification of genes by mutation that would likely not be recovered in conventional mutant screens. Furthermore, mutations that show only partia1 phenotypic penetrance and expressivity as null mutations present opportunities for mutant screens to identify redundant partners; mutations in such partners should enhance the severity of the phenotype and drive penetrance toward 100% in the population. Thus, a renewed appreciation of the value of screens for conditional mutations and for mutations that enhance the phenotype of incompletely penetrant or expressed mutations should yield a rich harvest of new genes regulating a variety of plant processes.
Finally, to determine if overlapping expression patterns and functional redundancy could be obscuring the true function of individual plant genes, both forward and reverse genetic approaches to investigating gene function should include the analysis of gene expression for all members of gene families. Mutations in homologous genes with overlapping patterns of protein localization must be identified and organisms homozygous for multiple mutations constructed before the true
